Introduction
display an overall increase in biodiversity and productivity compared with adjacent areas where these cold-water 55 corals are absent (Costello et al., 2005; Henry and Roberts, 2007; Soffker et al., 2011; Biber et al., 2014) . 56
In terms of modes of growth, scleractinian corals build their skeletons with aragonitic needles from centres of 57 calcification along the theca (Gladfelter, 1982) . Unlike tropical corals that display differential density layers that 58 facilitate tomographic imaging (Saenger et al., 2009; Cantin et al., 2010) cold-water corals do not appear to build 59 such layers. Nevertheless, growth structures defined by opaque and translucent bands in the coral wall as 60 revealed by transmitted light have been described in the skeletons of cold-water corals, including L. pertusa 61 eastern Atlantic), the Gulf of Cádiz (Spain, north-eastern Atlantic) and the Lacaze-Duthiers Canyon (France,western Mediterranean Sea) (Fig. 1) . 111 We have studied changes in microstructure patterns, distribution and thickness and performed geochemical 112 analyses of strontium (Sr); a commonly used palaeothermometer proxy) to characterize fluctuations that we 113 consider to have been induced by short-term (infra-annual) variations in environmental conditions, or in a specific 114 metabolic response to those changes. Table 1  128   129 Skeletal areas for microstructural analyses were preferentially selected where the distance between polyps was 130 at its greatest. Following collection, all specimens were cleaned using hydrogen peroxide (H2O2, 3.4% at 60˚C or 131 5% at room temperature) and rinsed in deionised water in an ultrasonic bath several times. To screen for 132 possible diagenetic alteration of the aragonitic needles and to characterize any recrystallization in calcite, XRD 133 analysis was performed in the School of Natural Sciences, Trinity College Dublin (Ireland) and 134 cathodoluminescence observation was performed at the Institut des Sciences de la Terre de Paris (ISTeP, 135 specimens to be analyzed. 137
Three specimens were processed using serial cutting (slides approximately 0.5 mm thick) using an Isomet Low-138
Speed Saw following mounting in EpoFix resin. All other specimens (21 from all locations) were mounted on 139 regular thick (0.5 to 1 mm) sections. These were cut along the longitudinal axis following the maximum growth 140 extension, as opposed to the radial axis where mineralization is slower (Fig. 2) . Using a protocol modified from 141
Nothdurft and Webb (2007), sections were then polished and etched on both sides with 2% formic acid for 50 142 seconds. Observations of the theca were performed at the Centre for Microscopy and Analysis at Trinity College 143
Dublin using a Tescan Mira XMU SEM in secondary electron mode at 15 kV following gold coating. Hz repetition rate. NIST 612 was used as a calibration standard. The error on Sr measurements was less than 153 2.1% (2 SE). Raw Sr concentrations were smoothed by moving average and this was subtracted from the raw 154 data. A Fast Fourier Transform (FFT) was performed on the resulting residuals to isolate the cyclicities present in 155 the high-frequency fluctuations in Sr content. 156 but in some areas the micro-layers present a curved pattern toward the outer part of the skeleton within a 163 restricted area (150 to 200 μm in length; Fig. 3-b) . In these parts a bulge is visible on all micro-layers from the 164 inner-most part of the skeleton (near the COC) to the surface of specimen on the outer-most layer. There is no 165 compensation visible on the edges of the bulge to reduce the irregularity and thus the thicknesses of the micro-166 layers overall remain unchanged. Some aragonite fibres are interrupted by the change of micro-layer direction, 167 but these fibres are observed to occur in the same general orientation from one layer to the next. 168
169

Figure 3 170 171
Only one section of a sample from Whittard Canyon (specimen WhC-1) shows micro-layers across the entire 172 wall. In order to reduce the possibility of missing these structures, serial cuts of an entire corallite specimen (each 173 section about 0.5 mm thick prior to polishing and etching) were performed on 3 samples. Despite this attention to 174 detail, we failed to produce a section with at least one face exhibiting all the sets of micro-layers as was the case 175 for specimen WhC-1. In all of the specimens treated with this technique, the outermost sections did not display 176 any layers in the microstructure. In the sections from the innermost part of the calyx, some micro-layers were 177 partially visible, but none presented continuous structures as observed in WhC-1. 178
For most coral sections examined as part of this study, micro-layers are not revealed in all areas of the theca but 179 they are always present in some parts of the wall (Fig. 4) . Areas of dense, compact aragonite (not in the form of 180 fibres) are commonly visible and can be found either in continuity with the micro-layers or between two series of 181 micro-layers along the axial growth direction. the radial growth direction reveals that these two parameters fluctuate in phase, implying a distinct physio-212 chemical response presumably linked to some change in environmental conditions and / or growth rate (Fig. 7) . It 213 is apparent that higher values of Sr in the coral skeleton tend to be coincident with the occurrence of thick micro-214 layers. 215 increments, the mean number of analysis are 5.47 points per thin micro-layer and 11.75 points per thick microlayer respectively. 219
A highly significant group of frequencies in the residuals from the smoothed data (Fig. 8) rates and formation of these micro-layers. Both cyclicities recorded (6.25 and 12.5 points per cycle) are close to 270 the mean number of Sr measurements per layer (i.e. 5.47 and 11.75 points per layer, for thin and thick micro-271 layers respectively), and this must be taken into consideration when evaluating any periodicity in cyclicity. The 272 cycles corresponding to high growth rates (one cycle in thick micro-layers) and the 12.5 point cycle are 273 compatible with a lunar influence. This pattern would be the equivalent of a lunar month considering the monthly 274 pattern of micro-layer occurrence proposed here. The observed 6.25 point cycle, corresponding to exactly half 275 the time of the cycle described above, can be related to a fortnightly influence. These cycles are only visible in 276 thick micro-layers (i.e. two cycles per layer; Fig. 8 ). In thinner layers, due to changes in the measured number of 277 points per layer, the fluctuations should be interpreted carefully. With layers measuring only half the thickness of 278 the larger ones of similar temporal value, the observed cycle is most probably double the apparent one, which is 279 the monthly fluctuation proposed above. In other words, due to differences in growth rates between layers, the 280 6.25 point cycle in thin layers is equivalent of the 12. 
Low-frequency change in growth rates
295
Based on the proposed micro-layer lunar monthly periodicity, the main cycles observed in increment counting, 296 concomitant with those from the Sr signal (Fig. 7) , do not correspond to an annual scale. This is contrary to the been synthesized in 28 days, the start of the first micro-layer in the last decrease in growth rate on the transect 325 reported on Figure 7 has been assigned with having been formed on the 1st of August. Using this as a starting 326 point, the rest of the skeleton was assigned months accordingly (Fig. 9) . Regarding this interpretation, the August 327 month from the previous year is also occurring during a slow growth period. The other main slow growth periods 328 on the transect correspond to assigned winter months, and may be caused by a decrease in food availability.
Importantly, a minor amplitude during the first year could be explained by development of the initial part of the 330 skeleton. It is significant that faster growth rates have been observed in colonies that were fed nauplii under 331 sea environments, an ontogenic trend can also be environmental and be caused by a long-term evolution of 364 temperature, for instance. Thus, with respect to the incorporation of Sr, it is not ideal to interpret this trend either 365 as an environmental or as a physiological influence. 366
In the L. pertusa specimen studied here (WhC-1), fluctuations in Sr concentrations are strongly in phase with 367 variations in micro-layers thickness (Fig. 7) . If the temporal calibration in Figure 9 is the case here), then using this pattern as a temporal calibration to study longer-term (multi-annual) variationsor a semi-annual pattern in specific study locations in order to correctly interpret geochemical data as a proxy for 386 palaeoenvironmental reconstruction. 387
In view of the kinetics potentially involved in elemental incorporation into the crystal lattice, it seems invalid to 388 invoke a uniquely temperature dependency of the Sr incorporation in cold-water corals without a proper temporal 389 calibration, as it is the case with shallow-water corals presenting annual density bands. It remains unclear for 390 cold-water corals to what extent growth rate is influenced by the environment as opposed to metabolic 391 processes. 392
393
Conclusions
394
This paper highlights the absolute necessity of microstructure characterisation in any study of geochemistry on 395 biominerals other than bulk assays. Micro-layers have now been observed within the translucent layers of the 396 wall of L. pertusa that can be used for intra-annual temporal calibration and analysis of growth rates of polyps. 397
However, the characteristic chaotic pattern in the microstructure of opaque layers prevents formation of micro-398 layers. Furthermore, non-linear growth phases induce even more complexity and present a challenge to resolve 399 these layers on a single surface. 400
If a means to study the orientation of growth phases prior to sectioning were to be developed, it would permit the 401 definition of a direction of cutting to reveal the growth micro-layers and thus allow more temporally continuous 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 58 59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 58 59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 58 59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 58 59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
